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Agricultural fungicidesAbstract 3-Methyl-4-hetarylazo-5-isoxazolones (I–IV) have been synthesized and investigated on
the basis of Fourier transform infrared (FT-IR), UV–visible (UV–Vis), proton nuclear magnetic
resonance (1H NMR) spectroscopic techniques and elemental analysis. The measured FT-IR and
1H NMR spectra together with the theoretical calculations (semiempirical) showed that the inves-
tigated compounds exist in the hydrazone-keto form in the solid state and chloroform. However,
the measured UV–Vis electronic absorption spectra in solutions clariﬁed that the hetarylazo-5-iso-
xazolone dyes possess equilibrium between hydrazone-keto and common anion forms depending
upon the nature of the medium. Furthermore, these dyes display a broad absorption band in the
visible region (between 370 and 435 nm) which could be assigned to p–p* transition with a consid-
erable intramolecular charge transfer (CT) character.
ª 2015 TheAuthors. Production and hosting by Elsevier B.V. on behalf ofKing SaudUniversity. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Azo dyes represent an extraordinary family of compounds not
only for their biological activity [1–4], extensive applications inthe dye industry [5], analytical reagents and metallochromic
indicators [6], but also for their interesting structural and
physicochemical properties [4–7]. Currently, heteroarylazois-
oxazole compounds have received the attention of many
research groups [8–12], because of their widespread potential
applications in ﬁelds such as catalysis [9], cancer treatment,
using as antibacterial and antiviral agents, agricultural fungi-
cides as well as other biological uses [10–12]. Recently, the
demand for such a group of compounds has been increased
due to the use of these compounds as optical and conducting
organic materials [13–15]. In the light of these ﬁndings we
focused on the synthesis, tautomerism and spectroscopic
properties of some novel heteroarylazoisoxazolone dyes
S468 H.M. Rageh et al.using experimental spectral data combined with theoretical
calculations (semiempirical).
2. Experimental
2.1. Synthesis of the azoisoxazolone compounds (I–IV)
Dyes (I–IV) under investigation (Scheme 1) were prepared
according to the procedure described in the literature [16–
18]. To an ice-cooled stirred solution of the appropriate amineO
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Scheme 1 Expected tautomeric forms and common anion of the
azo dyes (I–IV).
Table 1 Microchemical analysis data and melting points of the syn
Comp. Empirical formula Mol. wt. m.p. (C) Color
I C10H9N3O2 203 188–190 Yellow crystals
II C15H15N5O3 313 210–212 Red crystals
III C7H6N4O2S 210 198–200 Dark brown po
IV C6H6N6O2 194 230–232 Yellow powder
Table 2 IR and 1H NMR spectral data of the investigated azo dye
Comp. IR m (cm1) 1H
m(NH) m(C‚O) m(C‚N) m(C‚C) m(CAO) In
I 3225 1720 1575 1490 1145 12.
II 3100 1700, 1659 1570 1485 – 7.2
2.2
III 3110 1750 1545 1486 – 7.0
2.3
IV 3200 1730 1575 1490 1140 8.3(0.01 mol) (aniline, 4-aminoantipyrine (4-aminophenazone),
2-aminothiazole and 3-amino-1,2,4-triazole) dissolved in
diluted HCl (30 ml; 50%), a cold solution of NaNO2
(0.01 mol) was added gradually with stirring for 20 min. To
a cold solution of 3-methyl-5-isoxazolone (0.01 mol) in ethanol
in the presence of sodium acetate, a solution of the diazotized
amine was added dropwise with vigorous stirring at 0–5 C for
35 min. After addition, stirring was continued for 1 h, and the
obtained precipitate was ﬁltered off and washed with cold
water and ethanol. The solid products were recrystallized from
hot ethanol to give the corresponding azo dyes (II–IV). How-
ever, compound (I) was recrystallized from warm benzene.
Azo dyes (I–IV) were dried in vacuo over silica gel
(yield = 40–50%). The chemical structures of the prepared
dyes were checked by elemental analysis, IR and 1H NMR
spectra (Tables 1 and 2).
2.2. Apparatus and techniques
The UV–Vis spectra were recorded in the range of 200–800 nm
on a Shimadzu 2401 PC spectrophotometer using 1-cm
matched quartz cells. The IR spectra were obtained as KBr
disks on a Nicolet FT-IR 560 (4000–200 cm1) spectropho-
tometer. The 1H NMR (CDCl3) spectra were recorded on a
Varian Mercury VX-300 MHz instrument. All chemicals used
were of pure grade (BDH, Aldrich or Sigma products). Spect-
rograde solvents were used for spectral measurements. The pH
measurements were carried out on JENWAY MODEL 3051
digital pH meter accurate to ±0.02 pH unit. All the
measurements were carried out at room temperature
(20 C). The full geometry optimization of the tautomers of
the dyes (Fig. 1) in the gas phase was carried out at the level
of semiempirical methods PM6 [19], AM1 and PM3
[6,20–22]. Solvent effects on tautomers were also investigated
using PM6 (COSMO) model [19] as implemented in MOPAC
2009 [23]. All calculations were done on a Pentium IV PC
computer.thesized azo dyes (I–IV).
%Found (calculated)
C H N S
58.97 (59.11) 4.44 (4.43) 20.71 (20.68) –
57.28 (57.44) 4.71 (4.79) 22.20 (22.34) –
wder 39.98 (40.00) 2.85 (2.85) 26.56 (26.66) 15.07 (15.23)
37.03 (37.11) 3.07 (3.09) 43.30 (43.29) –
s (I–IV).
NMR (d, ppm)
CDCl3
67 (s, 1H, NH), 7.24–7.48 (m, 5H-Ar), 2.34 (s, 3H, –CH3(isoxazole))
6–7.52 (m, 5H-Ar), 3.17 (s, 3H, N-CH3), 2.53 (s, 3H, –CH3(pyrazole)),
7 (s, 3H, –CH3(isoxazole))
5 (d, 1H, –CH(thiazole)), 7.52 (d, 1H, –CH(thiazole)),
2 (s, 3H, –CH3(isoxazole))
5 (s, 1H, –CH(triazole)), 2.18 (s, 3H, –CH3(isoxazole))
I 
II
III
IV
Azo-keto (A) Azo-keto (B) Azo-enol (C) Hydrzone-keto (D)
Figure 1 PM6-optimized structures of the tautomers of the azo dyes (I–IV).
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Electronic absorption, 1H NMR and FT-IR spectra
together with the semiempirical AM1, PM3 as well as
PM6 methods were employed to examine the tautomeric
phenomenon in the azoisoxazolone compounds. According
to previous 1H NMR, FT-IR and UV–visible studies
of similar compounds [4,8,24–26], azoisoxazolone dyes
(I–IV) may exist in four different tautomeric forms,
namely two azo-keto forms (A) and (B), azo-enol form
(C) and hydrazone-keto form (D) as shown in Scheme 1,
deprotonation of these tautomers would lead to a common
anion (E).3.1. FT-IR and 1H NMR spectra of the azoisoxazolone
compounds (I–IV)
The FT-IR spectra of the azo dyes I–IV showed a strong
band at 1700–1750 cm1 due to v(C‚O). Accordingly, theazo-enol form (C) in the solid state could be excluded
[4,8,24–30]. Also, the infrared spectra of these compounds
showed a weak band at 3120–3225 cm1 attributable to
v(NH) stretching (intramolecular hydrogen bonded). Further-
more, the medium bands appearing in the regions 1545–
1575 cm1 and 1485–1490 cm1 are assignable to v(C‚N)
and v(C‚C), respectively (Table 2). The foregoing spectral
features provide considerable evidence that these compounds
exist predominantly as the hydrazone-keto form (D) in the
solid state [4,7,8,24–30].
The 1H NMR spectra in deuterated chloroform of the
investigated compounds (I–IV) showed, in addition to the sig-
nals assigned to methyl and aromatic protons (Table 2), a
broad singlet at d  12.6 ppm may be corresponded to the
intramolecular hydrogen bonded NH proton [4,8,24,26,29],
this signal could not be observed for (II–IV) dyes because of
the sparingly soluble character of these dyes in chloroform.
These ﬁndings indicate that the azo dyes (I–IV) exist predom-
inantly in the hydrazone-keto form (D) in chloroform solu-
tions [4,8,24–32].
Table 3 Heat of formation (kcal/mol) and dipole moment (D) of the tautomers of the dyes (I–IV) at AM1, PM3 and PM6 levels.
Form Computational level
AM1 PM3 PM6
DH (kcal/mol) l (D) DH (kcal/mol) l (D) DH (kcal/mol) l (D)
I
Azo-keto (A) 60.926 5.517 42.161 5.370 42.224 6.107
Azo-keto (B) 62.058 5.419 37.615 5.013 34.655 5.940
Azo-enol (C) 64.426 3.946 44.478 3.725 43.970 3.918
Hydrazone-keto (D) 55.929 5.782 41.894 5.543 28.063 6.908
Common anion (E) 5.869 7.828 14.118 8.335 23.335 9.132
II
Azo-keto (A) 98.799 5.481 42.51529 5.216 33.418 6.693
Azo-keto (B) 101.555 3.261 38.84048 1.760 27.807 3.131
Azo-enol (C) 103.841 6.925 44.215 6.505 36.163 8.741
Hydrazone-keto (D) 98.338 8.536 43.113 8.331 23.853 11.594
Common anion (E) 41.945 14.781 16.458 15.659 33.064 16.508
III
Azo-keto (A) 76.421 3.839 63.066 5.094 61.6391 3.988
Azo-keto (B) 78.824 3.270 61.774 5.020 53.525 5.046
Azo-enol (C) 81.228 4.082 64.190 3.642 62.252 3.050
Hydrazone-keto (D) 76.722 6.055 62.171 5.627 46.913 6.510
Common anion (E) 17.081 6.139 0.646 6.261 13.202 6.411
IV
Azo-keto (A) 120.526 6.534 73.715 6.372 81.6448 6.695
Azo-keto (B) 127.461 5.780 69.220 5.443 74.1907 6.509
Azo-enol (C) 124.026 5.857 74.476 5.858 81.725 5.420
Hydrazone-keto (D) 117.217 7.844 71.659 7.878 67.471 8.906
Common anion (E) 65.717 9.482 16.493 9.760 12.615 10.428
S470 H.M. Rageh et al.3.2. Geometrical optimizations and PM6 (COSMO)
calculations of azoisoxazolone dyes (I–IV)
Geometry optimizations in the gas phase of the expected tau-
tomeric forms (azo-keto (A) and (B), azo-enol (C) and hydra-
zone-keto (D)) and the common anion (E) of the investigated
compounds (I–IV) were carried out using different semiempir-
ical (AM1, PM3 and PM6) methods [6,19–23], heat of forma-
tion and dipole moment of each form were calculated
(Table 3). The obtained results showed that the heat of forma-
tion of hydrazone-keto tautomeric form (D) of each com-
pound has lower value compared to the other tautomeric
forms ((A), (B), and (C)) speciﬁcally for AM1 and PM6 meth-
ods. Moreover, the dipole moment (l) of hydrazone-keto form
(D) has the highest value for all semiempirical methods. There-
fore in the gas phase the hydrazone-keto form (D) is the most
favorable one, a conclusion that comes in consistency with the
results of 1H NMR and FT-IR spectroscopic measurements.
However, the heat of formation for the common anion (E)
of the examined dyes (I–IV) is the lowest value, whilst its
dipole moment (l) is the highest value for different semiempir-
ical methods.
Calculated values of heat of formation of various tautomers
in different solvents according to the PM6 (COSMO) method
are presented in Table 4. COSMO semiempirical calculations
[19,23] showed that the inclusion of a continuum dielectric
constants representing a particular solvent provides lower val-
ues of enthalpies of formation in respect of the ones calculated
at the gaseous phase. Also, thermodynamic stability for
azo-keto, azo-enol and hydrazone-keto tautomers of theinvestigated compounds is found to increase gradually with
increasing polarity of the solvent [18,19]. Furthermore, hydra-
zone-keto tautomeric forms are still thermodynamically favor-
able compared to the other forms in the ground state and
thermodynamically unfavorable in the exited state for different
solvents (Table 4). But, for compound (IV) the azo-keto tauto-
meric form (B) is thermodynamically more stable than hydra-
zone-keto tautomeric form (D) in polar solvents. In general,
the above theoretical ﬁndings indicated that the equilibrium
between hydrazone-keto form (D) and common anion (E)
should exist predominantly in polar solvents in the ground
state, which comes in agreement with the experimental UV–
Vis spectra in solution.
3.3. UV–visible spectra of the azoisoxazolone compounds
(I–IV)
Values of kmax and the extinction coefﬁcients (log e) of the
characteristic absorption bands of the examined compounds
(I–IV) in seven organic solvents are listed in Table 5. In meth-
anol the electronic absorption spectra of the dyes (I–IV) dis-
play two bands in the UV region and one broad band
accompanied by a clear shoulder in the visible region, depend-
ing upon their molecular structures (Fig. 2). The ﬁrst UV
band, appearing in the range 205–210 nm is best assigned to
the localized p–p* transition within the isoxazolone ring
[4,7,8,25–27,29–33]. Actually, this assignment is substantiated
by the fact that, the kmax position of this band is more or less
uninﬂuenced by the nature of the substituent (phenyl or het-
eroaromatic) attached to the azo (N‚N) group (cf. Table 5
Table 4 Enthalpies of formation (kJ/mol) of the tautomers of the dyes (I–IV) predicted at the PM6 (COSMO) (S0 state) and PM6/CI
(COSMO) (S1 state) levels of theory.
Comp. Form Medium
DMSO DMF CH3CN CH3OH CH3COCH3 CHCl3 CCl4
I Azo-keto (A) 124.1686 124.6999 124.8338 125.1183 126.9133 140.2519 155.7912
342.2721 342.7993 342.8453 343.1047 344.657 356.5814 370.8279
Azo-keto (B) 76.73456 77.42492 77.62157 78.15294 81.51687 100.6587 120.3444
322.3103 322.4818 322.4985 322.5487 323.1805 325.1094 330.7703
Azo-enol (C) 138.2854 138.8711 138.9255 139.5741 141.1221 155.0256 172.3139
359.9746 360.2382 360.2591 360.393 361.2131 368.5769 379.2378
Hydrazone-keto (D) 64.75995 65.73482 65.7683 66.27038 68.80588 88.21127 108.2819
392.1496 393.183 393.2751 398.0072 401.0908 422.9689 445.8136
II Azo-keto (A) 39.56809 40.72706 40.77726 41.45926 45.49263 72.84762 102.8092
344.2009 345.1172 345.2009 345.6486 348.2469 363.6482 376.1332
Azo-keto (B) 13.37625 14.79881 14.80718 15.6105 19.58112 47.71434 77.75964
277.554 278.0226 278.0645 278.2988 279.7381 292.3863 310.2352
Azo-enol (C) 70.75144 72.2535 72.28278 72.93967 76.70109 102.8762 130.955
344.6235 345.2135 345.2679 345.5607 347.3264 361.1964 378.4763
Hydrazone-keto (D) 9.221536 10.55205 10.78217 11.43487 15.46825 42.23748 70.5255
382.5599 383.5431 383.6351 384.1205 386.974 387.4217 411.1868
III Azo-keto (A) 195.7986 196.5141 196.5852 196.9074 199.0078 214.5053 232.9358
470.9301 471.2146 471.2397 471.3945 472.4615 484.8126 489.8585
Azo-keto (B) 136.139 137.2143 137.3147 137.8586 140.9966 164.3935 191.8531
406.1158 406.3124 406.3292 406.4254 407.007 411.852 419.8142
Azo-enol (C) 202.9407 203.6771 203.7566 204.1123 206.2963 222.8022 242.785
470.6038 470.8339 470.859 470.9761 471.7083 478.6956 489.2309
Hydrazone-keto (D) 135.1725 135.9047 135.9131 136.3189 138.4025 154.5611 172.3431
416.6804 417.1741 417.2201 417.4628 418.9648 433.0775 459.9806
IV Azo-keto (A) 244.1029 245.2577 245.3205 245.8811 249.2367 274.7926 303.5534
471.2356 472.177 472.2648 472.7334 475.5367 497.2475 523.4393
Azo-keto (B) 182.1546 183.7487 184.3136 184.7069 189.3344 223.7687 263.3661
421.4794 422.4878 422.5798 423.0777 426.0735 449.5875 479.6956
Azo-enol (C) 249.1865 247.9522 250.5212 247.538 251.1655 279.395 313.9255
486.6745 486.7791 486.7875 486.8544 487.3272 497.0299 517.1591
Hydrazone-keto (D) 191.4766 192.5644 192.6648 193.2088 196.7191 220.9989 249.4208
540.6021 541.8531 541.9661 542.5853 546.2379 572.5135 601.1864
Df,298H
0 enthalpy of formation in the S0 and S1 (bold and underline) states.
Table 5 Electronic absorption spectral data of the azo dyes (I–IV) in pure organic solvents at 20 C.
Compound CH3OH DMF DMSO CH3CN CH3COCH3 CHCl3 CCl4
kmax loge kmax loge kmax loge kmax loge kmax loge kmax loge kmax loge
I 393.0 4.167 393.5 4.077 392.0 3.986 393.0 4.073 393.0 4.014 401.0 4.191 400.0 4.238
254.5 3.74 – – 272.5 4.271 268.0 3.375 210.5 4.296 257.5 3.705 260.0 3.454
247.5 3.802 – – – – 254.5 3.755 – – 251.0 3.734 222.0 3.327
206.5* 3.665 – – – – 248.5 3.748 – – 230.0 3.38 – –
II 408.5 4.121 419.5 4 422.0 4.166 419.5 4.333 422.0 4.206 423.0 4.186 414.5 4.197
370.5* 4.012 376.0* 3.785 374.5* 3.98 254.0 4.231 208.5 4.267 280.0* 3.826 267.5 3.867
242 3.998 272 3.54 271.5 4.367 226.5 4.766 – – 241.5 4.288 – –
209.5 4.076 – – – – – – – – 214.0 3.841 – –
III 432.0 4.129 444 4.195 446.5 4.181 440.5 4.168 440.0 4.14 418.0 4.048 424.5 4.088
400.0* 4.061 404.0* 4.037 400.0* 3.987 400.0* 4.024 400.0* 4.021 255.5 3.698 267.0 3.579
240.0 3.814 275.5 4.793 269.5 4.642 245.0 3.767 208.0 4.201 223.5 3.559 – –
209.5 3.857 – – – – 210.0 3.983 – – 211.5 3.544 – –
IV 400.0* 4.224 407 4.286 410.0* 4.277 401.0 4.295 374.5 4.249 372.0 4.234 371.5 4.087
376.0 4.275 384 4.291 384.0 4.303 382.5 4.279 208.0 4.186 212.5 3.451 245.0 3.393
242.0 3.75 275.5 4.736 268.5 4.557 245.5 3.676 – – – – – –
210.0 4.148 – – – – 211.0 3.89 – – – – – –
kmax – position of band maxima in absorption spectra (nm).
e – molar extinction coefﬁcients (M1 cm1).
* Shoulder.
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Figure 2 Electronic absorption spectra of 4.0 · 105 M solutions
of the compounds (I–IV) in methanol.
Figure 3 Electronic absorption spectra of 4.0 · 105 M solutions
of the dye (IV) in; CCl4 (a), CHCl3 (b), MeOH (c), CH3CN (d),
Acetone (e), DMF (f), DMSO (g), NaOH (h), HCl (i).
Figure 4 Electronic absorption spectra of 4.0 · 105 M solutions
of the dye (II) in universal buffer solutions containing 16.0% (w/
w) methanol. pH* = (a) 2.32, (b) 3.24, (c) 4.16, (d) 4.71, (e) 4.91,
(f) 5.10, (g) 5.25, (h) 5.39, (i) 5.58, (j) 5.89, (k) 6.49, (l) 7.38, (m)
8.11, (n) 8.96, (o) 11.20, (p) 11.92.
S472 H.M. Rageh et al.and Fig. 2). The second UV band observed in the region 240–
255 nm is due to p–p* transition within the other hetaryl substi-
tuent attached to the azo group [27,29,31–36]. This assignment
is based on the dependence of the kmax position of this band on
the nature of the hetaryl substituent rings (cf. Table 5). The
main visible band of the investigated compounds (I–IV) appears
in the range 370–435 nm as an intense one with a kmax depend-
ing mainly on the structure of the investigated compound. This
visible broad band can be regarded as p–p* transition with a
considerable intramolecular charge transfer (CT) character
involving the whole p-electronic system of the investigatedazo compound [18,27,29,31–36]. The intramolecular charge
transfer may be originated from the hetaryl substituent as the
electron donor to the heterocyclic isoxazolone ring as an accep-
tor [37]. The CT nature of this band is achieved from its broad-
ness [18,38–42], the sensitivity of its kmax to the type of the
hetaryl substituents and the nature of the solvent (Fig. 2 and
Table 5).
The main visible (CT) band of the investigated azo dyes (I–
IV) is associated with a shoulder at a shorter wavelength, for
compounds II and III, and a longer wavelength for compound
IV (Fig. 2). On the other hand, such a shoulder does not
appear in the spectrum of compound I, may be due to the exis-
tence of this compound mainly in one tautomeric form (hydra-
zone-keto (D)) in both polar and non-polar solvents [4,7,8,24–
26,30–32] (Table 5 and Fig. 2). However, in solution the other
derivatives (II–IV) can exist in an equilibrium between the
hydrazone-keto form (D) and the common anion (E)
[27,29,31,32,35,39,40,43–46], a behavior that is consistent with
the results of the theoretical calculations described above
(Tables 3 and 4). This equilibrium was interpreted by the sol-
vent effect on the visible spectra of each investigated com-
pounds (II–IV), as these compounds display only one main
visible band in non-polar solvents (CHCl3 and CCl4), but in
polar solvents (e.g. DMSO, DMF, MeOH) the visible band
is accompanied by a shoulder at shorter or longer wavelength
(e.g. dye IV Fig. 3). Strong evidence verifying this dissociation
equilibrium in polar solvents is obtained from the following
important features:
 Addition of a few drops of 0.1 M NaOH to the methanolic
solution of the dyes (II–IV) caused a small change in the
spectra of the pure solvent, in contrast, addition of drops
of 0.1 M HCl to the methanolic solution of these dyes
caused disappearance of the shoulder, and the spectra of
the dyes resembled those in the non-polar solvents (Fig. 3).
Structural features of hetarylazo-5-isoxazolones tautomerism S473 The gradual development of the shoulder with increasing
pH until it becomes more intense than the original
visible band (Fig. 4), so the pKa value of the compound
(II) was calculated (pKa = 5.54) by the isosbestic point
method [46]. As well as the fact that the color of the dye
in a methanolic solution containing NaOH or at high pH
values is nearly the same as in pure polar solvents.
4. Conclusion
From both experimental and theoretical results the dyes (I–IV)
exist predominantly as the hydrazone-keto form (D) in solid
state, non-polar solvents and in acidic solutions. Furthermore,
in polar solvents and basic solutions the dissociation equilib-
rium exists between hydrazone-keto form (D) and common
anion (E) for the dyes (II–IV), but the compound (I) shows this
equilibrium in basic solutions.Acknowledgment
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